The high-temperature mechanical behavior of extruded Mg 97À3x Y 2x Zn x (at. pct) alloys is evaluated from 473 K to 673 K (200°C to 400°C). The microstructure of the extruded alloys is characterized by Long Period Stacking Ordered structure (LPSO) elongated particles within the magnesium matrix. At low temperature and high strain rates, their creep behavior shows a high stress exponent (n = 11) and high activation energy. Alloys behave as a metal matrix composite where the magnesium matrix transfers part of its load to the LPSO phase. At high-temperature and/or low stresses, creep is controlled by nonbasal dislocation slip. At intermediate and high strain rates at 673 K (400°C) and at intermediate strain rates between 623 K and 673 K (350°C and 400°C), the extruded alloys show superplastic deformation with elongations to failure higher than 200 pct. Cracking of coarse LPSO second-phase particles and their subsequent distribution in the magnesium matrix take place during superplastic deformation, preventing magnesium grain growth.
I. INTRODUCTION
ENERGY saving and material recyclability requirements have motivated the search for new magnesium alloys as structural materials on account of their low density and good mechanical properties. Powertrain applications, such as transmission cases and engine blocks, are a major growth area for magnesium alloys in the automotive sector. Such applications require good high-temperature performance at service conditions ranging from 423 K to 473 K (150°C to 200°C) and stresses ranging from 50 to 70 MPa. [1] As commercial magnesium alloy systems cannot deliver this required high-temperature performance, there is growing interest to develop new magnesium alloys with higher creep resistance at intermediate temperatures.
A recent study of the creep resistance of a cast Mg 97 Y 2 Zn 1 (at. pct) alloy showed promising creep properties in the required stress range compared with magnesium alloys based on complex Rare-earth element compositions. [2] The two-phase microstructure of this alloy is characterized by magnesium dendrites and a Long Period Stacking Ordered structure (LPSO) phase distributed in the interdendritic regions. The stress dependence of the creep rate presents two different regions. For low temperatures and/or high strain rates, creep behavior shows a high stress exponent and high activation energy. The alloy behaves as a metal matrix composite, where the magnesium matrix transfers a certain stress to the LPSO phase which has a higher Young's Modulus. [3] [4] [5] At high-temperature and/or low stresses, creep is controlled by nonbasal dislocation slip. During creep, the original 18R structure of the LPSO phase is transformed into a 14H structure. Furthermore, Y and Zn atoms diffuse in the magnesium grains and precipitate dynamically on the nonbasal dislocations, inhibiting their movement.
In magnesium alloys, the phenomena observed during thermomechanical processes are mainly dynamic recrystallization and dynamic recovery, which occur simultaneously. This fact causes even the coexistence of different kind of microstructures along the extrusion profile with fully recrystallized and elongated unrecrystallized grains. [6] [7] [8] Recently, Yamasaki et al. [9] have developed extruded Mg 97 Y 2 Zn 1 (alloys combining high yield stress (around 350 MPa) and appreciable ductility (around 8 pct) by controlling the extrusion microstructure, which is characterized by three different regions: fine dynamically recrystallized a-Mg grains with random orientation, hot worked coarse a-Mg grains with strong basal texture and grains of fiber-shaped LPSO-phase. While the fine magnesium grain areas contribute to ductility improvement, the coarse a-Mg grains as well as the LPSO phase contribute to the mechanical strength of the alloy. It has been observed that the reinforcing effect of the LPSO phase in extruded alloys is effective up to temperatures below 523 K (250°C). [5, 10] Above this temperature, the Mg 97 Y 2 Zn 1 alloy shows high elongations. The purpose of the current article is to study the mechanical behavior of three extruded Mg 97À3x Y 2x Zn x (at. pct) alloys with different volume fraction of LPSO phase between 473 K and 673 K 7 Zn 5 (at. pct) was also prepared in a induction melting furnace using a graphite tube coated with boron nitride in an argon atmosphere. The fully LPSO alloy was homogenized at 623 K (350°C) for 24 hours.
II. EXPERIMENTAL PROCEDURE
Microstructural characterization of the alloys was carried out by optical, scanning and transmission electron microscopy. Metallographic preparation for optical and SEM observation consisted of mechanical polishing and etching in a solution of 5 mL acetic acid, 20 mL water and 25 mL picric acid in methanol solution. Specimens for TEM observation were prepared by electrolytic polishing using a reactive mixture of 25 pct nitric acid and 75 pct methanol at 253 K (À20°C) and 20 V followed by ion milling at liquid nitrogen temperature to remove the fine oxide film formed during electrolytic polishing.
Cylindrical specimens of 5 mm in diameter and 9 mm in height were machined in the extrusion direction and constant load compressive creep tests of the alloy were performed at temperatures from 473 K to 673 K (200°C to 400°C) in creep compression machines designed by the Creep of Metallic Material Group. [11] Stepwise loading was used, changing the load to a new value in each step once the steady-state creep rate was established, and terminal values of true stress and true strain rate were evaluated for each step. As an example, Figure 1 (a) shows the initial creep experiment (four initial steps) in the case of the Mg 97 Y 2 Zn 1 alloy tested at 473 K (200°C). The stress is calculated assuming the evolution of the cross section of the compression sample, and it is compensated to plot the stress dependence of the strain rate (Figure 1(b) ). Creep tests were performed in a protective atmosphere of dried and purified argon, and the temperature was kept constant to within ±1 K (±1°C). The sensitivity of the elongation measurements was better than 10 À5 . Tensile tests were carried out from 473 K to 673 K (200°C to 400°C) on a hydraulic Instron universal tensile machine at a constant cross-head speed and an initial strain rate of 3 9 10 À5 s À1 up to 10 À2 s À1 . Cylindrical specimens (head diameter 6 mm, curvature radius 3 mm, gauge diameter 3 mm, and gauge length 10 mm) were machined with their long direction parallel to the extruded direction.
For comparative purposes, the mechanical behavior of the fully LPSO alloy (Mg 88 Y 7 Zn 5 ) was studied by compressive tests conducted in air in the temperatures ranging from 523 K to 673 K (250°C to 400°C). Cylindrical specimens of 5 mm in diameter and 9 mm in height were prepared by spark-cutting. Compressive tests were carried out at different initial strain rates between 10 À5 and 10 À2 s À1 .
III. RESULTS
Figures 2(a) and (c) show the microstructure of the Mg 97 Y 2 Zn 1 alloy in as-extruded condition. The microstructure consists of a large volume fraction of LPSO phase particles (gray phase in Figure 2(a) [5] The LPSO phase is deformed during the extrusion process. Moreover, the 18R structure is partially transformed into a 14H structure. [5] Long thin 14H plates also appear inside the magnesium grains, as can be seen in Figure 2 (c).
More detailed information about the microstructure of the extruded alloys is described in Reference 5. For comparative purposes, a fully LPSO alloy with composition Mg 88 Y 7 Zn 5 was also fabricated. The alloy consisted of long LPSO laths with a small volume fraction of the magnesium islands, as shown in Figure 1(d) . This microstructure is similar to that studied by Hagihara et al. [12] A.
Mechanical Properties
The applied stress (r) dependence of the strain rate (_ e) between 473 K and 673 K (200°C and 400°C) for the three extruded alloys is shown in Figures 3(a) to (c) for both tensile and compressive tests. Curves are similar in the three alloys, and follow a sigmoidal shape, indicative of changes in the creep mechanisms. As the temperature increases, the double inflection becomes more pronounced. However, in the case of 673 K (400°C), the change at higher strain rates observed at temperatures ranging from 623 K to 473 K (350°C to 200°C) disappears. This change is expected to take place at higher strain rates as seen in the case of the Mg 95.5 Y 3 Zn 1.5 .
The steady-state creep rate is described as a function of the applied stress and temperature by an empirical general equation:
where r is the flow stress, B is the creep constant, n app the apparent stress exponent, Q app the apparent activation energy, T the absolute temperature, and R the gas constant. The apparent stress exponent, n app , can be calculated by
There is good agreement between the tensile and compressive data. This suggests that the deformation mechanisms acting above 473 K (200°C) are the same in tension and compression, being the influence of twinning negligible. As a general rule, n takes high values at high strain rates and low temperatures, then decreases for intermediate strain rates, and again increases at low strain rates. At high strain rates, above
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À4 s À1 , n ranges from 18 at 473 K (200°C) to 5 through 6 in the temperature range from 523 K to 623 K (250°C to 350°C), and finally to 3 at 673 K (400°C). In the intermediate strain rate interval, 10 À4 to 10 À6 s À1 , n ranges from 2.5 to 3 over the entire temperature interval, except at 473 K (200°C) that depends on the volume fraction of the LPSO phase. In the low strain rate interval, below 10 À6 s À1 , there is a gradual transition toward higher n values, i.e., around 5 through 6. On comparing the three alloys, it can be observed that at low temperature [473 K (200°C)], the higher the volume fraction of the LPSO phase the lower the strain rate, and the higher the n value. This behavior changes at high temperature and at 673 K (400°C), the Mg 95.5 Y 3 Zn 1.5 alloy shows the higher creep resistance.
The apparent activation energy, Q app , can be calculated by
The activation energy has been measured in the three alloys in the intermediate strain rate region with a stress exponent close to 3. Under these conditions, the activation energy values are 198, 174, and 182 kJ mol Since the alloy can exhibit superplasticity in the temperature and strain rate interval in which n % 2 through 3, it was tested at 623 K and 673 K (350°C and 400°C) to obtain ideal conditions for superplastic forming. Figure 4 shows tensile true stress-strain curves at these temperatures for specimens tested between 10 À4 and 10 À2 s À1 for the extruded Mg 97 Y 2 Zn 1 alloy. The alloy shows values of elongation to fracture higher than 200 pct for both temperatures. In particular, the highest elongation to failure, with a value of 263 pct, has been obtained at 673 K (400°C) and a strain rate of 10 À3 s À1 . Since the deformation mechanism is similar in the three alloys, a detailed study of the microstructure has been only carried out in the case of the Mg 97 Y 2 Zn 1 alloy deformed in compression at low strain rates and in tension at intermediate and high strain rates.
B. Microstructures of Specimens Deformed in Compression (Low Strain Rates)
The microstructure of the Mg 97 Y 2 Zn 1 alloy after the compression creep test is shown in Figures 5(a) to (e). The details of the creep test, i.e., creep temperature, time, total strain, last step stress, and last step strain rate, are given in Table I bands in the coarser LPSO phase. The kinking angle has been measured, and its value is between 20 and 30 deg. Similar features have been also observed during the compression at high temperature of Mg-Zn-Y alloys with a similar composition. [13] In the alloy crept at 673 K (400°C), the LPSO phase seems to be broken and/or dissolved and redistributed in the matrix. There are also changes in the LPSO phase orientations. Initially, the LPSO phase was oriented in the extrusion direction, but after creep above 623 K (350°C), the LPSO phase tends to be randomly oriented. This suggests that Y and Zn atoms diffuse from the LPSO phase into the magnesium matrix during creep tests. zone axis of magnesium. Considerable interaction between these precipitates and dislocations inside the grains can be noticed. Another important microstructural change occurring during creep at 473 K (200°C) is related to the formation of subgrains within the magnesium grains. The misorientation angle, measured from the 11 " 20 zone axis and from the deviation of the long plates in Figure 7 (b), is 2.5 deg. Figure 8 shows TEM images of the alloy crept at 673 K (400°C). The select area electron diffraction (SAED) pattern recorded in the 11 " 20 zone axis and the high magnification image showing a fringe spacing of about 1.8 nm (Figure 8(a) ), characteristic of the 14H structure, [14, 15] confirm that the original LPSO phase is completely transformed into the 14H structure. Inside the LPSO phase, the fringes are distorted, since this Within magnesium, the volume fraction of 14H long plates higher than in the alloy crept at 473 K (200°C). Furthermore, these precipitates, which would be stable at low creep temperatures, coalesce into thicker long whiskers (Figure 8(b) ). These long plates interact at this temperature with the dislocation (Figure 8(c) ). Such interaction is clearly observed tilting toward the 1 " 213 zone axis (Figures 8(d) and (e)).
C. Microstructures of Specimens Deformed in Tension (Intermediate/High Strain Rates)
Figures 9(a) and (f) show the microstructure of the specimens tested at 623 K and 673 K (350°C and 400°C), which presents the maximum elongation. Microscopic observations reveal that the magnesium grains remain small and equiaxed even after a large strain and high temperature. The grain size grows slightly at 673 K (400°C) compared with the alloy tested at 623 K (350°C). However, for both temperatures, the grain size is smaller than in the nondeformed area (Figures 9(e) and (f) ). Cavities have been observed in the region next to the fracture surface at the interface between the magnesium matrix and the LPSO phase. During plastic deformation, the LPSO phase is broken, and the tonality of the region inside the cracks in second-phase particles coincides with that of the magnesium matrix, indicating that the magnesium matrix can flow into the cracks once they are generated.
Since fracture of the LPSO phase during tensile testing should affect the deformation of the alloy throughout the test, the microstructures of specimens tested at 673 K (400°C) and 10 À3 s À1 , conditions at which maximum elongation is found, was observed after 20, 110, and 260 pct (fracture) of strain. The results indicate that the LPSO phase is progressively broken as deformation proceeds (Figure 10 ). Moreover, broken particles were redistributed homogeneously within the magnesium matrix. Figures 11(a) and (c) show TEM details of the microstructure of the specimens deformed 20 and 110 pct, respectively. In the alloy deformed up to 20 pct, the LPSO phase is banded and broken. There is a high dislocation density inside the LPSO phase, especially where cracks are initiated (arrow in Figure 11(a) ). These cracks are perpendicular to the tensile direction and to the basal plane of the LPSO phase. The size of the LPSO phase in the specimen deformed up to 110 pct (Figure 11(b) ) is finer, in agreement with Figure 10 , and again appears banded and oriented in the tensile test direction. It is interesting to mention the presence of long plates inside the magnesium grains perpendicular to the h0002i direction and the formation of subgrains (Figure 11(c) ).
IV. DISCUSSION
The high-temperature deformation behavior of extruded Mg 97À3x Y 2x Zn x alloys is complex because the mechanism controlling deformation changes according to the strain rate and temperature. Different intervals can be established depending on the stress exponent n value. Table II resumes the deformation mechanism depending on the temperature and strain rates:
A. Interval in Which n > 10 A high creep exponent was only observed at low temperatures, 473 K and 523 K (200°C and 250°C ), in the specimens tested at high strain rates. The microstructure does not change significantly in relation to the as-extruded condition during compression and tension tests at low temperatures. Thus, the crystallographic structure of the LPSO phase is the same as that of the original extruded alloys with the coexistence of a predominant 18R coarse phase and a little 14H LPSO structure inside the magnesium grains. [5] High-stress exponents suggest similar creep behavior to that exhibited by metal matrix composites. The magnesium matrix transfers part of its load to the LPSO phase, Young's Modulus of which is twice that of magnesium. [3] [4] [5] This additional stress on the LPSO lamellae results in plastic deformation of the LPSO phase by a kinking process, as can be observed in Figure 6 (a). The high n values, especially at high strain rates, suggest that load transfer predominates, being the mechanism controlling hightemperature resistance. Similar behavior has been reported in the cast alloy [2] and in an extruded multiphase Mg 96 Ni 2 Y 1 CeMM 1 alloy. [17] The extruded Mg 97À3x Y 2x Zn x alloys exhibit high elongations because the LPSO phase can deform plastically. [12] This fact contrasts with the low ductility of magnesium matrix composites reinforced with ceramic particles, even at high temperature. In general, the internal damage associated with the brittleness of the ceramic reinforcement causes particle breakage and/or matrix/reinforcement debounding, detrimentally affecting the strength and ductility of the composite. This is not the case with these extruded alloys due to the strong bonding between Mg and the LPSO phase.
B. Interval 5 < n < 10
As the strain rate decreases and/or the temperature increases, n tends to drop to lower values, indicating a decline in the load transfer mechanism (see Figure 3) . Thus, this interval can be found at high strain rates at 573 K and 623 K (300°C and 350°C), and across the entire temperature range of specimens tested at low strain rates. Deformation is mainly controlled by nonbasal dislocation slip throughout the magnesium grains. Moreover, microstructural changes occurring in the extruded alloys, referring to the transformation of coarse 18R LPSO phase into 14H and the formation of 14H long plates within the magnesium grains must be also taken into account, especially at high temperatures. Similar changes have previously been reported during the creep of cast Mg 97 Y 2 Zn 1 alloy. It is interesting to note that this microstructural evolution starts during the extrusion process at 723 K (450°C), where 18R and 14H particles coexist and 14H long plates are formed within the magnesium grains, and finishes during the creep tests at high temperature. The 14H long plates are developed by the segregation and ordering of Zn and Y atoms onto the basal planes of the magnesium grains during the high-temperature tests. The 14H long plates are delimited by Shockley partial dislocations b ¼ AE 1 3 1 " 100 : [15] The presence of 14H long plates has a great influence on dislocation slip. The formation of the 14H long plate structure within the magnesium grains in as-cast Mg 97 Y 2 Zn 1 alloy improves its creep resistance at low temperature [around 473 K (200°C)]. [2] It is well reported that at temperatures in which only basal slip operates, the reinforcement effect is negligible because they cannot inhibit basal slip. [18] However, above 473 K (200°C), nonbasal slip systems can be easily activated and can interact with 14H long plates. This fact could also explain the formation of subgrains during creep at 473 K (200°C) as shown in Figure 7 . The long plates act as an effective obstacle to dislocation motion, leading to the formation of dislocation pile ups. The arrangement of dislocation pile ups in a lower energy configuration generates subgrains separated by twist boundaries. For high temperatures and intermediate creep rates, the creep exponent shifts toward 3. The operation of a solute drag mechanism may be expected in these alloys because of the closeness of the stress exponent to 3, and it is also reported that zinc and yttrium diffuse from the 18R structure toward magnesium grains. Kassner and Perez-Prado [19] has reported a stress exponent of n = 3 between two region of n = 5 which is called threepower-law regime. The deformation mechanism in the intermediate region (n = 3) is viscous glide of dislocations. [19, 20] This is due to the fact that dislocations interact with the solute atoms, and their movement is impeded.
However, at these temperatures and strain rates, the alloy exhibits a superplastic regime with elongations to failure in excess of 200 pct (Figure 4 ), although n values are not close to 2, which is the experimental n value observed when deformation is controlled by grain boundary sliding (GBS), and activation energies are higher than those associated with grain boundary and lattice diffusion in magnesium alloys (92 and 135 kJ mol À1 , respectively [21] ). Moreover, the equiaxed nature of magnesium grains in the deformed alloy and the grain size-dependence of the deformation mechanism also suggest that GBS should control deformation in this interval. [22, 23] Therefore, the presence of a high volume fraction of LPSO phase particles, which can also deform plastically, could explain these values (n~2.5 to 3). To evaluate the influence of the high volume fraction of LPSO phase in the two-phase alloy, additional deformation tests at these temperatures were carried in a fully LPSO phase alloy with the composition Mg 88 Y 7 Zn 5 . Figure 12(a) shows the experimental dependence of the strain rate,_ e; on the applied stress, r, for as-cast Mg 88 Y 7 Zn 5 alloy between 523 K and 673 K (250°C and 400°C), where a strong dependence of the stress on the strain rate is observed. The stress exponent values, in the studied temperature and strain-rate range, decrease from n = 10 at 573 K (300°C) to n = 8 at 673 K (400°C). The microstructure of this alloy before and after deformation at 673 K (400°C) at 10 À4 s À1 is also presented in Figure 12(b) . The acicular grains are bent and delaminated.
The deformation of Mg 97À3x Y 2x Zn x alloys is obviously controlled by the magnesium matrix. Although the high volume fraction of LPSO phase (from 9 to 35 pct), which deforms plastically at high temperature, influences the deformation behavior of the three alloy. Different models which describe the influence of a high volume fraction of a second phase on the stress exponent have been reported. For metal matrix composites, stress exponent values and activation energies are always higher compared to the matrix values because of the presence of the reinforcement. Carreno Table II and Ruano [24] demonstrate that the high stress exponent observed in metal matrix composites is the sum of the individual stress exponents values of the matrix and the reinforcement. However, while the reinforcing phase in composites deforms pure elastically, the LPSO phase deforms plastically at these studied temperatures. On the other hand, in AZ31 alloys with a bimodal microstructure of fine recrystallized and coarse grains, their deformation is the sum of the contribution of small grains deforming by GBS and the contributions of coarse grains deforming by dislocations slip. [25, 26] The higher stress exponent values (between 8 and 10) obtained in the compression tests of the fully LPSO phase alloy may contribute to increase the stress exponent and the apparent activation energy in the extruded Mg 97À3x Y 2x Zn x alloy, but the magnesium matrix would deform mainly by GBS.
Metallographic and TEM views of the specimens tested within this regime indicate the gradual fracture of coarse LPSO particles into smaller fragments from the earliest stages of deformation which are redistributed in the magnesium throughout the test. Similar features have previously been reported during the superplastic deformation of multiphase Mg 94 Ni 3 Y 1.5 CeMM 1.5 (at. pct) alloy. [27] The microstructure of this alloy consisted of LPSO phase and Mg 17 RE 2 particles distributed at the magnesium grain boundaries. As described for this alloy, particle redistribution prevents grain coarsening along the deformation (average grain size in the grip region is 2 to 3 times greater than that in the gauge region, as shown in Figure 8 ), in such a way that a GBS mechanism can operate throughout the test. The GBS mechanism could stop operating once the grain size exceeds a critical value. The fracture of coarse LPSO particles is striking, because the stress at which the alloy flows is much lower than that required for plastic deformation of a single LPSO phase at this strain rate ( Figure 11 ). This suggests that fracture could arise from the concentration of stresses in localized regions of the LPSO phase close to the Mg-LPSO interface.
GBS implies good compatibility between the magnesium matrix and the LPSO phase in such a way that magnesium grains can slide along the LPSO interface. Dislocations generated in the magnesium grains can probably be easily removed in the test conditions (determined by temperature and strain rate). Nevertheless, the stresses generated in the LPSO phase, in the region close to the interface, cannot be easily released. This concentration may be viewed as an example in Figure 11 . Successive sliding of other magnesium grains may induce a further stress increase, so that the stress can largely exceed the fracture stress in the LPSO phase.
It is interesting to mention that although elongations of over 200 pct were obtained, which is the threshold elongation to failure for superplasticity, this value is lower than that attained in other Mg-Zn-Y alloys. [28] This behavior may be related to the presence of 14H long plates within the magnesium grains. During the GBS mechanism, dislocations generated at triple points of the grain boundaries and/or the LPSO-Mg interface should glide along the most favorable slip plane to relax the stress concentration caused by GBS. Dislocations are then piled up on the opposite grain boundaries, disappearing by climb through the grain boundary lattice. [29] The intergranular 14H long plates inside the magnesium grains hinder the movement of dislocations forming subgrains. This new internal structure within the magnesium grains would affect the superplasticity flow from the point of view of slip accommodation. Since the stress relaxation rate is slower than the deformation rate, the formation of cavities is favored.
Finally, at low strain rates and high temperature, n increases progressively, which is often associated with the existence of a threshold stress. [30] [31] [32] [33] The constitutive equation for superplasticity is similar to Eq. [1] assuming an effective stress which is given by the difference between the flow stress and the threshold stress, r 0 :
where A is a constant, G the shear modulus, k the Boltzmann's constant, d the grain size, b the Burgers vector, p the grain size exponent, and D the diffusion coefficient. To determine the threshold stress, a plot of r against _ e 1=n using n = 1, 2, 3, and 5 on a double linear scale is commonly adopted. [34] Use of n = 2 or 3 gave the best linear fit among the assumed stress exponents in all the cases. Therefore, values of threshold stresses were estimated by extrapolation to zero strain rate of a line which the data gave as r against _ e 1=2 or _ e 1=3 on a double-linear scale. The respective values are shown in Table III alloys, respectively. These value are between the activation energy for grain boundary diffusion and lattice diffusion in magnesium. In this case, it has been demonstrated that the diffusion coefficient for superplastic flow in metallic materials can be described using an effective diffusion coefficient, D eff , involving the lattice diffusion coefficient, D L , and the grain boundary diffusion coefficient, D gb . [35] The constitutive equation for superplasticity is therefore expressed by where the effective diffusion coefficient for superplastic flow in magnesium alloys is described by Reference 36:
where d is the grain boundary width (d 2b), and x a constant with the value of 1.2 9 10 À2 . The variation in Figure 13 . The slope is given by a exponent of n = 2. Based on the constitutive equation, it is concluded that the dominant deformation mechanism for superplasticity in the temperatures ranging from 573 K to 673 K (300°C to 400°C) is GBS accommodated by dislocation movement involving the sequential steps of glide and climb. [34] V. CONCLUSIONS
The high-temperature behavior of the extruded Mg 97À3x Y 2x Zn x (at. pct) alloys is evaluated in the range from 473 K to 673 K (200°C to 400°C). The following conclusions about the creep resistance of both microstructures may be drawn:
1. At low temperatures and high strain rates, creep behavior shows a high stress exponent and high activation energy. The alloy may be compared to a metal matrix composite where the magnesium matrix transfers part of its load to the LPSO-phase. The creep resistance increases with the volume fraction of the LPSO phase. 2. At high-temperatures and/or low stresses, creep is controlled by dislocation slip. The original coarse LPSO particles, with an 18R structure, are transformed into 14H long plates because of the diffusion of Zn and Y atoms in the magnesium grains, ending the transformation that was initiated during the extrusion process. 3. At intermediate and high strain rates at 673 K (400°C) and at intermediate strain rates between 523 K and 623 K (250°C and 350°C), the extruded alloys exhibit superplasticity. Cracking of coarse LPSO-phase particles and their subsequent redistribution in the magnesium matrix takes place during the course of superplastic deformation, preventing magnesium grain growth. 4. 14H long-plates within the magnesium grains interact intensely with nonbasal dislocations, leading to the formation of dislocation pile ups. The pile ups are arranged in a lower energy configuration to form subgrains. In the superplastic regime, these precipitates hinder the movement of dislocations and therefore of stress relaxation, which is detrimental to attaining a large elongation. 5. A threshold stress has been observed at high-temperature and low strain rates. In this regime, the dominant deformation mechanism for superplasticity is GBS accommodated by dislocation movement involving the sequential steps of glide and climb. 
